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Introduction

We have previously identified a novel protein, BAP1 (BRCA1 Associated Protein-
1), which binds to the wild-type, but not to a mutated, BRCA1 RING finger domain (1).
BAP1 is a novel, nuclear-localized member of the ubiquitin carboxy-terminal hydrolase
(UCH) family of enzymes (reviewed in (2, 3)). BAP1 is a 729 a.a. protein (90 kDa
apparent molecular weight) that binds to BRCA1 in vitro and in vivo , cleaves ubiquitin
from a model substrate, is co-expressed temporally and spatially with BRCA1 and
enhances the growth suppressive properties of BRCA1

Through its association with BRCA1, BAP1 is also indirectly implicated in DNA
repair processes. For example, BRCA1 and p53 have been shown to associate (4),
and it is known that p53 protein levels are regulated through the ubiquitin/proteasome
pathway (5). Thus, BAP1, BRCA1, and p53 might possibly exist (albeit transiently)
within the same complex and may crucially determine control of the cells’ response to
DNA damage. This linkage of BAP1 to cellular DNA repair processes is further
supported by the association of BRCA1 (6) {and BRCA2 (7)} with the RAD51 protein
and by the recent findings that BRCA1 null cells are deficient in transcription-coupled
DNA repair (8, 9). The RAD51/52-dependent DNA repair pathway is highly regulated
and contains many proteins which may be potential substrates for BAP1-mediated
ubiquitin hydrolysis. Furthermore, the RAD51/52 complex was recently shown to
contain both an ubiquitin-like protein, UBL-1 (10, 11) and a ubiquitin-like conjugating
enzyme, hUBC9/UBEZ2I (12). Thus, the BRCA1/BRCA2-RAD51 DNA repair complex
contains the elements necessary to conjugate an ubiquitin-like molecule to proteins of
the complex BRCA1, and suggests the possibility that BAP1 might be a part of this
ubiquitin-like pathway.

BAP1’s potential importance in genomic stability and integrity was further
signaled by the mapping of the human BAP1 locus to chromosome 3p21.3 (1), a region
of the genome that is routinely deleted or rearranged in many cancers. We have found
rearrangements, deletions and missense mutations of BAP1 in small cell and non-small
cell lung cancer cell lines and, more recently, in breast cancer tumor samples
(manuscript in preparation). These data suggest that BAP1 may be a tumor suppressor
gene. In this past year of support we have investigated this possibility by transfecting
BAP1 or an enzymatically inactive form of BAP1 into the non-small cell lung cancer cell
line NCI-H226, a cell line lacking endogenous BAP1 (1). Our results show that wild-
type BAP1 decreases cell growth, changes cell shape and inhibits in vivo tumor growth.
We have also determined the role of BAP1 in BRCA1 mediated DNA repair processes.
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Body
l. Materials and Methods

Cell Culture and Stable Cell Lines: All cells were maintained at 37°C and 5% CO2.

NCI-H226 cells and all subclones were grown in RPMI1640 (Mediatech) containing 10%
FBS (Hyclone). The NCI-H226 cell line has previously been shown to lack BAP1
expression due to a rearrangement of chromosome 3 at the BAP1 gene (jensen et al.).
NCI-H226 cell lines (over)expressing BAP1 or BAP1(C91S) were generated by
transfection via Ca-phosphate precipitation (Chen and Okayama MCB 1987). Cells
were transfected with vector alone (pcDNAB3; Invitrogen), the BAP1 cDNA or the
BAP1(C91S) cDNA. After 24 hours of recovery, the cells were placed in RPMI1640
+10% FBS containing 0.2 mg/mL G418 (Mediatech). Cells were fed fresh medium twice
per week and colonies were selected 21 days later. Subclones were screened for

BAP1 or BAP1(C91S) protein expression by Western analysis using the 3C11
monoclonal antibody.

Cell Growth Assays: Cells were plated (in medium containing 2% FCS) to 24-well
plates (Falcon) at 5X10° cells per well. Daily determinations of cell growth were
performed by adding 1/10 volume of MTT solution (5 mg/mL in phosphate-buffered
saline) to one well of each cell line. The cells were incubated for exactly one hour, the
medium siphoned off and the cells lysed by the addition of 1 mL of DMSO. This
solution was analyzed by reading its O.D. at 550 nm.

SCID Mice: Tumorigenesis assays were carried out in CB17 SCID mice that were
obtained from the Wistar Institute’s in-house animal facility. Tumors were initiated by

the s.c. injection of 5X1 0° cells per mouse. After a period of 4-5 weeks, mice were
sacrificed and the tumors excised and measured. Each tumor was then subdivided into
several pieces for analysis.

Monoclonal antibody production: The human BAP1 cDNA was fused (inframe)
downstream of the 6 Histidine residues of the vector pQE-30 (QIAGEN Inc.). The His-
tagged protein was purified from E.coli over a Ni-agarose column as previously
described (20). 50 ug recombinant 6XHis-BAP1 fusion protein, in 50 ul PBS, was
emulsified in complete Freund' adjuvant and injected s.c. into Balb/c mice followed by 3
boosts in incomplete Freund adjuvant. The 4th boost was given i.v. and the
splenocytes were fused three days later with the mouse non-lg secreting cell line
P3X63Ag8.SP2/0. Hybridomas were selected by testing supernatants by Elisa on
several recombinant GST fusion proteins: GST-BAP1(aa 1-250), GST-BAP1 (aa 300-
480777) and GST-BAP1(aa 494-729). Clones that reacted with one fusion protein but
not the other two were selected, subcloned, and retested for reactivity. A subset of
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these clones were then developed further. All resulting monoclonal antibodies were of

the 1I9gG1, kappa subtype.

Immunoprecipitation: The Promega TNT kit was used as described by the manufacturer to
produce *S-labeled BAP1 protein. Protein was used for analysis without further purification.
Immunoprecipitations were carried out by incubating the antibody with in vitro-produced protein
in 1 mL of RIPA buffer for 2 hours at 4°C. Protein G sepharose resin (Pharmacia) was added
and incubated for a further 30-45 mins. at 4°C with continual mixing. The bound proteins were
washed in RIPA buffer 4 times, released from the sepharose resin with SDS-PAGE loading
dye and separated by SDS-PAGE. Visualization of bound protein was performed by
fluorography.

Western Blot Analysis: Cell lines were lysed directly in loading buffer (100 mM TRIS, ph 6.8,
4% SDS, 20% glycerol). Tissue samples were sonicated in loading buffer (5 pulses, 50%
output) and then centrifuged at 15,000 X g for 20 minutes at 4°C. The supernatant was then
collected and processed further. Samples were heated at 100°C for 10 minutes, cooled, and
then the pretein.concentration was determined (Bradford, bird). Finally, DTT was added to the
samples to a final concentration of 50 mM and the samples were reheated at 100°C for 2
minutes. Proteins were separated by SDS-PAGE and transferred to PVDF membrane
(Millipore) via standard methods. The membrane was then blocked in Tris-buffered Saline
containing 0.1% Tween-20 (TBST) and 5% fish gelatin (Forma Scientific). The mAb 3C11
hybridoma supernatant was diluted 1:5 into the block buffer and incubated with the membrane
for 2 hours at room temperature with gentle shaking. After washing the membrane 3 times
with TBST (10 minutes each), the blot was incubated with secondary antibody conjugated to
horse radish peroxidase (goat anti-mouse IgG-HRP; BioRad) at 1:5000 dilution for 30 minutes.
The membrane was washed 3 times further and developed with Super Signal (Pierce).

Il. Results and Discussion

Expression of BAP1 in the NCI-H226 non-small cell lung cancer cell line.

In our report had suggested that BAP1 may have growth/tumor suppressive
properties beyond its enhancement of BRCA1-mediated growth suppression (1). That
report also identified a cell line, the NCI-H226 non-small cell lung cancer cell line (H226
cells), that did not express BAP1 mRNA or protein (1). This cell line would then provide
an extremely useful tool in which to characterize the possible growth and/or tumor
suppressive effects of BAP1.

Another necessary tool for these analyses was a high affinity, and highly specific,
antibody directed against BAP1. Monoclonal antibodies with epitopes directed to
different regions of BAP1 (Figure 1A) were prepared and characterized.
Immunoprecipitation analysis of *S-labeled in vitro transcribed and translated BAP1
protein showed that each of the antibodies detected BAP1 with the 3C11 isolate
showing the strongest reactivity of the three monoclonal antibodies (Figure 1B).
Western analysis showed that BAP1 was expressed in several cell lines at similar levels
(Figure 1C). Since the monoclonal isolate 3C11 delivered the strongest signal in these
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assays (the polyclonal antibody does not appear to work in Western analysis) it was
routinely used throughout the experiments described below.

Cell lines expressing wild-type BAP1 (BAP1), mutant BAP1 [the enzymatically
inactive BAP1(C918S)] or containing the expression vector pcDNA3 alone (vector) were
generated by Ca**-phosphated-mediated transfection of the H226 cell line. After
selection of clones positive for growth in 0.2 mg/mL G418, cell lines expressing both
high and low levels of BAP1 or BAP1(C91S) (Figure 1D) were selected and assayed for
changes in cell morphology, cell growth rate, anchorage-independent growth and in vivo
tumorigenesis.

Expression of BAP1 reduces the growth rate of NCI-H226 cells.

Initial experiments performed in our standard growth medium (RPMI + 10% FCS)
showed no differences in the growth rates between any of the cell lines (data not
shown). However, when the concentration of growth factors was decreased five-fold
(i.e. 2% FCS), differences in the growth rates of the individual cell lines became
apparent (Figure 2B). The cell lines expressing a higher level of wild-type BAP1 grew at
a slower rate compared with the vector cell lines, while cell lines expressing lower levels
of BAP1 grew at a rate similar to the vector lines. This same general pattern was also
seen with the BAP1(C91S) cell lines suggesting that the level of BAP1 protein in the cell
was important to its effects on cell growth. Furthermore, the BAP1 cell lines generally
grew slower than the BAP1(C91S) cell lines, suggesting that the enzymatic activity of
BAP1 is important in mediating cell growth.

BAP1 expression induces changes in the morphology of NCI-H226 cells.

Expression of BAP1 in the H226 cells gave rise to clones that differed in their
appearance (as grown on plastic tissue culture dishes) when compared to all other
H226 cell lines. The vector, BAP1(C91S), and the “low expressing” wild-type BAP1 cell
lines all had the same appearance, being generally cubical in shape, with nuclei off-
center, and growing in tightly packed colonies when plated thinly (Figure 3, top row). In
contrast, cells expressing high levels of BAP1 were round in shape, with the nucleus
centered within the cell, and growing in patches; The cells touched each other but did
not pack together. These characteristics remained even after these cells reached
confluence. None of the cells noticeably “piled-up” when over-grown for extended
periods of time (up to 4 weeks; data not shown).

BAP1 expression does not affect anchorage-independent cell growth.

The change in morphology of the H226 cell upon expression of BAP1 prompted
an investigation into BAP1’s effect on anchorage-independent cell growth. All cell lines
grew slowly on soft agar, with the parental, vector, and BAP1 cell lines showing no
difference in the size of their colonies or their ability to form colonies (Figure 3, bottom
row, and data not shown). However, the BAP1(C91S) cell line showed slightly larger
colonies after the same period of growth, suggesting that loss of BAP1’s enzymatic
activity may be important in the progression to a more motile cell state.
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BAP1 expression in NCI-H226 cells suppresses tumor formation in SCID mice.

To determine whether the expression of BAP1 would affect the tumorigenicity of
the NCI-H226 cells, CB17 SCID mice were injected with 5 distinct cell lines over two
experiments. The first experiment involved only the comparison of vector and wild-type
BAP1 (Table 1). Five mice were each injected with 5 X 10° cells of each cell line. All
mice had tumors by the end of the experiment (42 days), however, the tumors from the
BAP1 mice were significantly smaller than those from the vector mice, and the mice
injected with vector cells had palpable tumors earlier (data not shown). After excision,
tumors were assayed for the expression of BAP1 by Western analysis. The tumors
derived from cells expressing BAP1 were no longer expressing the BAP1 protein
(Figure 4A), suggesting either that these cells had lost their ability to express BAP1 or
that a contaminating sub-population of cells which were not expressing BAP1 had
grown out during the experiment.

- To-eonfirm.and expand these results, a second experiment was performed in
which vector and BAP1 cell lines, distinct from those of experiment 1, were injected into
SCID mice. A BAP1(C91S) cell line was included in this experiment to determine the
effect of the loss of BAP1’s enzymatic activity on tumorigenicity (Table 1). Mice injected
with cells expressing BAP1 developed no tumors while those mice injected with cells
expressing vector or BAP1(C91S) developed tumors of the same size and at about the
same rate. Tumors derived from cells expressing BAP1(C91S) continued to express
this protein as determined by Western analysis (Figure 4B). Although the time period
for this experiment was shorter than the previous experiment (30 days vs. 42 days), any
developing tumors should have been detected at this point since tumors were
detectable at this point in all mice of experiment 1.

Thus, this work accomplished in past year of DoD funding has firmly established
that BAP1 is a tumor suppressor gene. Cell lines which lack BAP1 show a highly
transformed morphology and grow aggressively in both anchorage independent growth
models and in tumor xenografts in vivo. However, re-introduction of wild type BAP1 into
these cells reverses and/or suppresses the malignant phenotype. Moreover, tumors in
mice which do grow after long latencies have either deleted or inactivated expression of
the BAP1 transgene, consistent with a tumor suppressor role. Most interestingly, the
tumor suppressor function of BAP1 is absolutely dependent on its ubiquitin hydrolase
enzymatic activity as a point mutation which changes the catalytic cysteine, no longer
functions as a growth suppressor. These findings are the first to implicate a ubiquitin
hydrolysis enzyme in cellular growth control. Furthermore, our findings strongly suggest
that the VCH enzymatic domain of BAP1 should be a target for mutation in primary
human tumor specimens. As part of the original SOW, we are at present searching for
such mutations using PCR and SSCP taking advantage of the known genomic structure
of human BAP1 which we have solved (in preparation).
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Conclusions

1. We have published a complete characterization of BRCA-1 antibodies (see
appendices) and documented the cell-cycle distribution of BRCA1 in the
nucleus.

2. We have demonstrated that BAP1 is a bonafide tumor suppressor which is

capable of suppressing the malignant phenotype of BAP1 null-cells in a
transfection assay [(these results are in preparation for submission and are
described in detail in this report (see above and appendices)].

3. We have initiated a comprehension analysis of the mutational status of
BAP1 in both primary human breast and lung tumors and in tumor-derived cell
lines. Our preliminary results suggest that a low frequency of mutation occurs,
however, they often inactivate the UCH enzymatic domain as would be predicted

- fromrthe results above. _

4, We have begun pilot experiments to determine if BAP1 is involved in the
BRCA1 pathway of transcription-coupled DNA repair (TCR). Our exciting
preliminary results suggest that BAP1 null-cells have the same TCR defect
as BRCA1 null cells. Moreover, transfection of wild-type BAP1 into these
cells restores proper TCR.

All of the work described above and the conclusions derived therefrom were
performed in accordance with the original statement work (SOW). Each point of the
original SOW is addressed below:

STATEMENT OF WORK
Specific Aim 1: Characterize interaction of BRCA1 and S6.

Task 1: Months 1-4: Establish vectors/reagents/proteins required
for association.
Completed, published in references 1, 13.

Task 2: Months 4-6: Develop in vitro association assy and in vitro
kinase assays.
Completed, unpublished because we could not confirm
in vitro association of proteins.

Task 3: Months 4-6: Determine ability of BRCA1-RF to modulate
S6 kinase activity.

Not addressed due to results of TASK 2.
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Specific Aim 2;

Task 4: Months 4-6: Determine if BRCA1 is a substrate of S6 and
map regions required.
Not addressed due to results of TASK 2.

Task 5: Months 6-10: Prepare deletions mutations of BRCA1 and
S6 kinase to map interaction.
Completed, published in reference 1.

Characterize the BRCA1 associated protein BAP-1.

Task 6: Months 1-6: Isolate full-length cDNA clones of BAP-1 and
genomic clones.
Completed, cDNA clone published in reference 1.
However, genomic clone is not yet published.

Task 7: Months 6-12: Sequence entire cDNA of BAP-1 and
determine intron/exon organization of genomic BAP-1.
Completed, in preparation for publication.

Task 8: Months 12-18: Prepare recombinant purified BAP-1 and
synthetic peptides to coding region.
Completed, published in reference 13.

Task 9: Months 18-24: Prepare antibodies to BAP-1 both
polyclonal and monoclonal and characterize.
Completed, published in references 1, 13 and in
preparation.

Task 10: Months 24-30: lIsolate in vitro complexes of BRCA1 and

BAP-1 via co-immunoprecipitation, and localize BAP-BRCA1

subcellularly. Reconstitute BAP-1/BRCA1 complexes in vitro.
Partially completed. The in vitro association of BAP-1
and BRCA1 are published in reference 1. However, this
was from complex mixtures and could, therefore, be
indirect binding. We have tried but so far failed to see
binding with purified (E-coli expressed) components.
BRCA1 and BAP-1 have been co-localized in cells
(published in reference 13).

Task 11: Months 30-36: Prepare mutations/deletions of BRCA1
and BAP-then map interaction domains.
Completed, published in reference 1.
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Task 12: Months 36-42: Determine chromosomal location BAP-1
and promotor structure of BAP-1.
Partially completed: Human BAP-1 chromosomal
location was published in reference 1. The
promotor structure analysis is ongoing.

Specific Aim 3:  Characterize BAP-1/BRCA1 in primary breast cancer specimens
and look for mutations in BAP-1.

Task 13: Months 36-42: Using intron-exon structure and PCR-
SSCP based studies, look for mutation in BAP-1 in primary
specimens.
Partially completed. More than 120 tumors
screened so far by PCR-SSCP.

.~ .. Task 14: Months 42-48: Determine if expression of BAP-1 in
cultured breast cancer cells influences BRCA-1 function and also
determine if BAP-1 itself is a transforming gene in mammary
epithelial cells.

Partially completed (see this write up).

WORK UNDERTAKEN NOT IN ORIGINAL SOW

Because of the clear role of BRCA-1 in DNA repair processes, we have begun
analysis of BAP-1 in these pathways. This work is in collaboration with Dr. Tony
Leadon from UNC whose group published the seminal work on BRCA1 and its role in
DNA repair (reference 9). In collaboration, we have made the exciting initial discovery
that BAP1 null cells also have the exact same defect in DNA repair. Furthermore,
transfection of wild-type BAP1 corrects the repair defect. These results are currently
being prepared for submission to Science.
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Appendices

I. Figure Legends and data figures
Il. Published Manuscript

Figure 1. Generation of BAP1 Monoclonal Antibodies and Stable Cell Lines. A,
Schematic representation of the human BAP1 protein sequence derived from its cDNA
sequence. The general location of the epitopes for the monoclonal antibodies is shown

10
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above the human schematic as is the BRCA1 interaction domain. UCH, ubiquitin
carboxyl terminal hydrolase domain. B, Relative reactivity of anti-BAP1 antibodies. In
vitro transcribed and translated human BAP1 (BAP1 IVT) was immunoprecipitated using
the various antibodies shown and protein G-Sepharose as the precipitating agent. After
washing the immunoprecipitated complex, the bound protein was released from the
sepharose beads, separated by SDS-PAGE and visualized by fluorography. The
polyclonal antibody is derived from rabbit sera (Pl=pre-immune sera; Ab=immune sera)
and the monoclonal antibodies are supernatants from individual hybridoma lines. C,
Detection of endogenous BAP1 by Western analysis in the cell lines listed. One
hundred micrograms of nuclear extract (NE) or whole cell extract (WCE) were
separated by SDS-PAGE and transferred to a PVDF membrane. The BAP1 protein
was then visualized using the 3C11 monoclonal antibody and HRP-conjugated rabbit
anti-mouse secondary antibody. D, Western analysis of several sub-clones of the NCI-
H226 cell line showing the different expression levels of BAP1 or BAP1(C91S). Whole
cell extracts from logarithmically growing cells were separated by SDS-PAGE and
transferred-to a.PVDF membrane. The BAP1 protein was visualized using the 3C11
monoclonal antibody and HRP-conjugated rabbit anti-mouse secondary antibody.

Figure 2. Cell lines expressing wild-type BAP1 show decreased growth rates in
response to reduced mitogenic factors. Sub-clones of the NCI-H226 cell line
expressing none, wild-type, or mutant BAP1 were grown in RPMI1640 medium
containing 2% FCS. Cell growth rates were determined by the MTT assay (see
Materials and Methods). Error bars represent Std. Error of the mean (SEM). The
number of replicates is shown in parentheses above the bar. There was no difference
in growth rate between the parental line (NCI-H226) and those containing vector alone.

Figure 3. Cell lines expressing wild-type BAP1 show a change in cell morphology, but
no change in anchorage-independent growth. Cells were grown directly on plastic
tissue culture dishes or on 0.6% agarose (in plastic tissue culture dishes) and
photographed at 2 days (plastic) or 21 days (soft agar). Shown are representative
examples of each type of cell line. 4X magnification.

Figure 4. Tumors from SCID mice maintain expression of BAP1(C91S), but not wild-
type BAP1. A, Whole cell extracts made from tumors of each of the mice in experiment
#1 (Table #1) were analyzed for BAP1 expression by Western analysis using the 3C11
monoclonal antibody and HRP-conjugated rabbit anti-mouse secondary antibody.. B,
Whole cell extracts were made from tumors of 5 of the Vector mice and from each of the
BAP1(C19S) mice of experiment #2 (Table #1). These extracts were analyzed for
BAP1(C91S) expression by Western analysis using the 3C11 monoclonal antibody and
HRP-conjugated rabbit anti-mouse secondary antibody. An alpha-tubulin monoclonal
antibody was used as a control for equivalent protein loading in both analyses.
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Table 1. Average Tumor Size in SCID mice given s.c. injections of the NCI-H226 cell
line expressing none (vector), wild-type, or mutant BAP12

Expt. #1° Expt. #2¢
Vector 1.27 = 0.65 cm3 (5) 0.84 + 0.42 cm? (8)
BAP1 0.11 = 0.08 cm? (5) ¢ No Tumors (5) ¢
BAP1(C91S) (N/D) 0.78 + 0.29 cm? (5)

aValues are expressed as mean = Std.Dev.
bMice were injected with 5X10° cells and the tumors were harvested 42 days later.

°Mice were injected with 5X10°¢ cells and the tumors were harvested 30 days later.
dP<0.01 versus vector (t-test).
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Abstract :

The functions and the intracellular localization of the
breast/ovarian susceptibility gene product, BRCA1, has
been controversial. To arrive at a clear understanding
of its localization and relative position to other nuclear
structures, a new monoclonal antibody was produced
and charactei’ized by immunohistochemical techniques
with other BRCA1 antibodies. Each of the antibodies
_specifically detected BRCA1 as localized to specific
nuclear domains and did'so in a variety of cells and in
a cell cycle-dependent manner. However, all antibodies
also cross-reacted with the centrosomal domain,
suggesting that BRCA1 is also localized to this
important mitotic component. We found that the
BRCA1-containing nuclear domains are different than
any of the well-defined nuclear domains. However, a
cell cycle-related partial overlap was found for HP1¢, a
chromo-domain-containing protein involved in
heterochromatin maintenance. Cellular stimuli, such as
heat shock and herpes virus infection, dispersed
BRCA1 from its domains. In contrast, infection with
adenovirus 5 recruited BRCA1 to regions of viral
transcription and replication. These disparate
distributions of BRCA1 may provide clues to its
function.

Introduction

The identification of the breast cancer susceptibility gene
BRCAT (1) has triggered an intensive search for its function.
Much of this search has focused on the identification of
interacting proteins and has yielded components of the nu-
clear import pathway (2) and a novel RING finger-containing
protein BARD1 (3, 4). Recently, we identified the BRCA1-
associated protein BAP1 (5), which is a nuclear localized
ubiquitin hydrolase, suggesting that BRCAT1 functions may
be either mediated or regulated through ubiquitin-related
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modifications. BRCA1 also seems to be associated with the
DNA recombination/repair protein RAD51 in meiotic cells (6),
suggesting involvement of BRCAT in the fidelity of DNA
replication. Biological clues to the function(s) of BRCA1 have
come through over- or underexpression studies. A reduction
in BRCA1 availability by antisense expression yielded trans-
formed fibroblasts and accelerated growth of breast cancer
cell lines (7, 8), whereas overexpression of wild-type BRCA1
inhibited colony formation and tumor growth in vivo (9).
These observations are consistent with the genetic evidence
that BRCA1 functions as a tumor suppressor (5, 9).

The BRCAT gene encodes an 1863 amino acid protein of
M, ~220,000, which is predominately found within the nu-

cleus (4, 10), although some investigators have observed

cytoplasmic localization (11, 12). The BRCA1 protein con-
tains two highly consérved regions, one at the NH, terminus
and the other at the COOH terminus. The COOH terminus
contains an acidic region and two copies of a novel motif,
designated the BRCT domain. The BRCT domain is present
in a variety of putative cell cycle-related proteins, including
RAD9 and 53BP1 (13), as well as the BRCA1-associated
protein BARD1 (3). The BRCA1 COOH-terminal domain is
capable of activating transcription as a Gal4 DNA-binding
domain fusion (14), suggesting a role for BRCA1 in transcrip-
tional regulation. The cofractionation of BRCA1 with the RNA
pol I holoenzyme (15) supports this hypothesis. However,
not all of the cellular BRCA1 cofractionates with pol i, sug-
gesting multiple functions for BRCAT.

The NH,-terminal region is a 100-amino acid sequence
encoding a RING finger domain, which is predicted to bind
zinc (16, 17). This motif is defined by a spatially conserved
set of cysteine-histidine residues of the form C3HC4 (re-
viewed in Refs. 18 and 19). The RING motif occurs in >80
proteins, including the products of proto-oncogenes and
putative transcription factors (19), and most likely functions
as a protein-protein interface. Evidence for this hypothesis
has come from the study of the proto-oncogene PML (16),
the transcriptional corepressor KAP-1 (20). and a ubiquitin
hydrolase, BAP1 (5).

The abundance and intracellular location of BRCA1 varies
with the cell cycle. BRCA1 protein levels are low in G, and
reach a maximum during S phase, results that are consistent
with BRCA1 RNA expression patterns (21-24). interestingly,
the location of BRCA1 within the nucleus seems to vary with
the cell cycle. BRCAT1 is detected as diffuse immunoftuores-
cent staining throughout the nucleus during G, but then
localizes to discrete nuclear domains during S phase (4, 10).
The functional effects of these cellular and biochemicat
changes remain unknown.

The nucleus is a highly organized structure. not only in the
positioning of chromosomes in specific territories, but also
by the distribution of extrachromosomal domains, e.g., the
interchromatinic granules recognizable by the location of the
spliceosome assembly factor SC35 (25, 26). In addition,
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coiled bodies were found to be associated with specific
genes and snRNA and associated proteins (27-30). PIKAis a
nuclear domain that shows cell cycle-associated changes in
the aggregation of HP-1 (31). Other specifically circum-
scribed nuclear domains (ND10) have been described to
contain the proto-oncogene product PML as well as Int-6,
which, if inﬁerrupted in the mouse by a retrovirus, results in
mammary tumors (32, 33). Although the biochemical func-
tions of thede domains are not known, various nuclear pro-
cesses, such as RNA processing (SC35 domain) and initia-
tion of DNA \‘_'/_ikus replication and transcription (34, 35), occur
at these domains. Because BRCAT1 is also localized to dis-
crete nuclear domains, potential functions of BRCA1 may be
suggested, or excluded, by interaction or colocalization with
any of the known nuclear domains. The relative position of
BRCA1 in tr;'e nucleus may therefore be informative.
Recent findings on nuclear structure and distribution of

. specific proteins after viral infection showed that some of

these proteins are miodified ‘at specific stages of viral infec-
tion. Most instructive are those proteins that appear at very
early times of the viral reproductive cycle before nuclear
damage becomes apparent and which can be traced to the
activity of a specific immediate-early protein. The IE1 gene
product of HSV® type 1 disperses the ND10-associated pro-
teins (36-38), and the E4orf3 gene product of AdS reposi-
tions the same proteins into short tracks (39-41). We there-
fore used these viruses to determine whether they have any
effect on BRCA1 distribution.

The ability to establish colocalization of two proteins by
microscopic examination suggested that this methodology
could be used as a means to search for other correlations of
either the nuclear sites with known functions or for condi-
tions that change the distribution of BRCA1. We therefore
developed a MAD that reliably localized BRCA1 relative to
different nuclear domains. The results of these experiments
clearly show that BRCA1 is a protein with dramatic nuclear
repositioning during the cell cycle and upon experimental
manipulations of the cell such as stress and viral infection.
These changes suggest that Ad5 transcription and replica-
tion can provide the experimental system to help elucidate
BRCA1 functions.

Results )

Characterization of MAb BR64. To determine possible
functions for BRCA1, we investigated its subcellular local-
ization and its potential colocalization with a variety of known
nuclear proteins of differing function. Investigation of the
subcellular localization of BRCA1 required a well-character-
ized, highly specific antibody. Toward this end, we devel-
oped a MAD specific for BRCA1, using the first 100 amino
acids of the BRCA1 protein as the antigen (Fig. 1A). This
region was expressed in Escherichia coli as a histidine fusion
protein, purified under denaturing conditions and renatured
by dialysis (see “Materials and Methods” and Ref. 20). This

3 The abbreviations used are: HSV, herpes simplex virus; Ad, adenovirus;
MAb, monocional antibody: FBS, fetal bovine serum; His, histidine; h.p.i.,
hours post infection.

- purified protein was used as the immunizing agent in mice,

and MAbs were produced using standard technology.

Because the immunizing antigen contains the RING finger
domain of BRCA1 and because many proteins contain RING
domains, we determined the specificity of our MAb, termed
BR64, for the BRCA1 RING domain versus the RING do-
mains of two other, unrelated proteins; the transcriptional
corepressor KAP-1 and the immediate-early protein ICPO,
from HSV type I. Through immunoprecipitation analyses with
the BR64 antibody, we found that it detected the BRCA1
RING domain in both the full-length protein and the smaller
BRCA1-A11 protein (an alternatively spliced version of
BRCA1; Ref. 42) but not either of the other RING domains
(Fig. 2A), suggesting that the antibody identifies a sequence-
specific region of BRCA1 rather than a structural component
of the RING finger', which may be in common with other RING
domains.

Mutations occur throughout BRCA1, and most are trun-

- tations or nonsense mutations (43). Given that the epitope of

this antibody is at the NH, terminus of the protein, it should
detect all except the shortest BRCA1 mutant proteins. There-
fore, we characterized whether BR64 could identify BRCA1
protein that contained any one of several mutations identified
previously in breast cancer kindreds, focusing on mutations
found in the RING domain (Fig. 1B). We used proteins that
contained the LexA DNA binding domain fused to: (a) the first
100 amino acids of BRCA1 (BRCA1-RF); (b) this same region
but containing a missense mutation in a metal-coordinating
cysteine residue [BRCA1-RF(C61G) and BRCA1-RF(C64G)];
or (c) a truncated BRCA1-RF containing the appropriate
number of amino acids as dictated by the mutation
(delAG185, 29 amino acids; del31, 31 amino acids). The
RING domain of the T-cell transcription factor RPT-1 (44), the
most closely related RING finger sequence, was also in-
cluded. Again, immunoprecipitation analysis was used to
identify proteins bound by the BR64 antibody (Fig. 28). The
BR64 antibody identified only those proteins that contained
the full RING domain region, regardless of the presence or
absence of missense mutations (Fig. 2B). Again, these re-
sults suggest that the BR64 antibody identifies a sequence-
specific region of BRCA1, rather than a structural component
of the RING finger, because the missense mutations are
predicted to abolish the coordination of one of the zinc
atoms leading to the disruption of the complex RING struc-
ture (16). The fact that the RING domain of the RPT-1 protein
was not identified by BR64 further suggests that the antibody
identifies a sequence-specific domain within BRCA1. The
proteins fused to the LexA DNA-binding domain always ap-
peared as doublet bands oin SDS-PAGE. This was true for
the LexA DNA-binding domain alone as well (data not shown)
and is presumably due to an alternate, in-frame, translation
start site within the LexA cDNA.

We determined the subregion within the NH, terminal 100
amino acids of BRCA1 that the BR64 MADb detects. LexA-
BRCA1-RF fusion proteins, containing successive 10-amino
acid deletions from the COOH terminus of the 100-amino
acid BRCA1 RING finger protein, were immunoprecipitated
with the BR64 MAD (Fig. 1B and Fig. 2C). The BR64 MAb
detected the full-length RING finger domain [BRCA1 (1-100)]
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Fig. 1. A, diagrammatic representation of the BRCA1 protein and the RING finger domain used to generate the 6XHis-BRCA1-RF fusion protein. The
identified fusion protein was produced in bacteria, purified by nickel-NTA chromotography (Qiagen, Inc.), and analyzed by SDS-PAGE for purity. Shown is
a photograph of the Coomassie blue-stained gel. In B, the NH,-terminal 100 amino acids of human BRCAT1 (including the RING finger domain) or the
indicated amino acids of the various BRCA1-RF mutants, deletions, and controls were fused to the LexA DNA-binding domain. These constructs were then
used to produce the fusion protein by coupled in vitro transcription and translation. These proteins were used without further purification in immunopre-
cipitation analyses with the BR64 MAb. A summary of the results shown in Fig. 2 is shown to the right of the diagrams.

and the RING domain truncated by 10 amino acids [BRCA1 analyses suggest that the BR64 antibody detects an epitope
(1-90)]. The 20- and 30-amino acid deletions, BRCA1 (1-80) COOH-terminal to the C3HC4 motif, which defines the RING
and BRCA1 (1-70), were not detected by BR64, clearly in- domain proper.

dicating that amino acids 80-100 contain the region identi- The ability of BR64 to detect authentic, endogenous
fied by BR64. Indeed, preincubation of the BR64 antibody BRCA1 protein was determined through three methodolo-
with a 14-amino acid peptide (amino acids 81-94; H-KKK- gies; immunoprecipitation; immunoprecipitation followed by

QLVEELLKIICAFQ-KK-OHj inhibited the detection of BRCA1 Western blot analysis; and direct Western blot analysis of
by immunofluorescence analysis (data not shown). These nuclear extract. That BR64 detected BRCA1 was determined
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by a comparison of the products immunoprecipitated from
whole-cell extracts of 32PO,-labeled MDA-468 breast cancer
cells by the BR64 MAb and the commercially available C20
polyclonal antibody (Fig. 3A). Both antibodies identify a M,
220,000 phosphoprotein, suggesting that the protein de-
tected by BR64 is BRCAT. Furthermore, BRCA1 is the only
phosphoprotein detected by BR64, whereas the C20 anti-
body detects three other phosphoproteins of M, 190,000, M,
97,000, and M, 70,000.

A second piece of evidence that the endogenous protein
detected by BR64 is BRCA1 was obtained via immunopre-

BRCA1(1-100)

cipitated with the BR64 MAD.
Bound proteins were detected
by fluorography after separa-
tion by SDS-PAGE. Proteins
fused to the LexA DNA-binding
domain always appear as dou-
blet bands on SDS-PAGE. This
is true for the LexA DNA-bind-
ing domain alone as well (data
not shown) and is presumably
a4 due to an alternate, in-frame,
translation start site within the
LexA cDNA.

BRCA1(1-70)
BRCA1(1-80)
BRCA1(1-90)

cipitation-Western analysis (Fig. 38). Whole-cell extracts
prepared from HBL100 breast cancer cells were immuno-
precipitated with either (rabbit) preimmune serum or anti-
BRCA1 immune serum. The immunoprecipitated proteins
were then analyzed by Western blot. The BR64 MAb de-
tected a protein of M, 220,000 previously immunoprecipi-
tated by a specific anti-BRCA1 antibody. However, BR84
also detected a second, faster migrating protein. To address
the possibility that BR64 interacted with another protein of
targe molecular weight, direct Western analysis of nuclear
extract from Hel.a cells was performed (Fig. 3C). The BR64
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3cts endogenous BRCA1 protein. In A, whole-cell extracts from 32PO-labeled MDA-468 breast cancer cells (5-7 X 10° cells) were
*d with the BR64 MAD or the C-20 polyclonal antibody. A BRCA1 cDNA was transcribed and translated in vitro in the presence of
produce protein for size comparison purposes. Proteins were separated by SDS-PAGE and detected by fluorography. In B, whole-cell
oreast cancer cell line HBL-100 (1-2 x 108 cells) were immunoprecipitated with preimmune sera or with anti-BRCA1-RF polyclonal
munoprecipitated proteins were separated by SDS-PAGE and transferred to a potyvinylidene difluoride membrane. The membrane was
h the BR64 MAD and detected with HRP-conjugated goat anti-mouse I9G. In C, nuclear extract from Hela cells was separated by
insferred to a polyvinylidene difluoride membrane. The membrane was immunoblotted with the BR64 MADb and detected with alkaline

Jgated goat anti-mouse IgG.

»nly a single protein of M, 220,000, the size of
together, these results show that BR64 iden-
RCAT1 protein, can identify native and dena-
rotein, and has an epitope defined by amino
he faster migrating protein of Fig. 38 remains
d is not seen in the immunoprecipitation-
alysis when other anti-BRCA1 antibodies are
shown).

of Different BRCA1 Antibodies. Initial re-
A1 was localized to the celt membrane and
ratus and was perhaps secreted (12) have
‘icant controversy. It was therefore essential
the earlier reports could be confirmed with
When the BR64 MAb was tested by immu-
I'methods, it reacted nearly exclusively with
nucleus. However, not all cells showed the
n as reported previously by others (10). Nu-
's displayed a sandy fluorescence where as
ddition, distinctly higher aggregations of the
- There was a faint background staining over

the cytoplasm, and often two dots were recognized at the
position of the centrosome (Fig. 44, arrow). Another anti-
BRCA1 MAb, M13 (see “Materials and Methods™), recog-
nized the same nuclear patterns (HEp-2 cells) with slightly
elevated cytoplasmic staining. In a few cells, particularly
mitotic cells, M13 detected numerous cytoplasmic dots over
a strong cytoplasmic background (Fig. 4B). A third anti-
BRCA1 MADb, 17F8 (see “Materials and Methods”), labeled a
large number of cytoplasmic dots in all cells. Nuclear staining
by this MAb was difficult t¢ distinguish from the cytoplasmic
staining. but it appears similar to that of the other two MADs.
In addition, each cell stained by 17F8 contained an area of
strong staining that localized to the centromeric region and
appeared at times to overlap with the nucleus when imaged
in the same optical section (Fig. 4C, arrows: optical sections
are ~0.7-um thick). A rabbit antibody (C20; Santa Cruz),
raised against the COOH-terminal 20 amino acids of BRCA1,
labeled the same nuclear components as all three MAbs (Fig.
4D) but also stained the Flemming body (data not shown)
and, in a few cells, a limited number of cytoplasmic granules.
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HBL100

Fig. 4. Characterization of BRCA1 distribution in different cells and relative to different nuclear domains by immunofluorescence microscopy. The color
is given for each of the different antigens in the upper corners of each individual image. A, MAb BR64-labeled HEp-2; arrows point to cytoplasmic double
dots representing the centrosome. B, MAb M13-labeled HEp-2 cells. C, MAb 17F8-labeled HEp-2 cells. D, polyclonal antibody C-20-labeled HEp-2 cells.
£, MAb BR64-labeled MDA-MB-468 cells; arrows point to the centrosome. F, MAb M13-labeled MDA-MB-468 cells showing dominant fibrillar cytoplasmic
staining. G, MAb 17F8-labeled MDA-MB-468 cells showing strong staining of cytoplasmic granules. H, double labeled HEp-2 cells using polyclonal antibody
C-20 and BR64 showing complete overlap. /, double labeled HBL-100 cells using MAb BR64 and human anti-centromere antibodies to show in the upper
half daughter cells in early G, phase and larger daughter cells with aggregated centromeres. J, same as / but showing a G,-phase cell at a later time after
mitosis and two larger cells with aggregated centromeres suggestive of S-phase cells. K, same staining as / having two large cells with centromeres that
are often present as doublets suggestive of G,-phase cells. All optical sections are ~0.7 um thick
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That the new MAb BR64 recognizes the same nuclear struc-
tures as C20 is shown by double labeling (Fig. 4H). The
BRCAT1 distribution detected in HEp-2 cells by these anti-
bodies was also found in the diploid human fibroblast cell line
WI38 and the breast cancer cell line HBL100 (data not
shown)."The different antibodies, therefore, recognize the
same str\dctural components in the nucleus but appear to
have individual, minor, cross-reactivities. We conclude that,
in generaf, the sandy nuclear staining of some cells and the
specific nuclear domain dot-like staining of other cells is
similar for all of the antibodies and is therefore considered
specific for the location of BRCA1.

Quite different images were prevalent when testing these
four antibodies on the breast cancer cell line MDA-MB-468.
Only a very small number of these breast cancer cells had
any partigulate, nuclear BRCA1 staining, although the im-
ages presented were selected to contain one nucleus with

. such staining fo shqw that this distribution can exist in this

cell type. BR64, of the four antibodies tested, revealed the
same image as expected from the Hep-2 cells (Fig. 4E,
arrows point to centrosomes). MAb M13 labeled a particular
type of cytoplasmic filament (Fig. 4F). In mitotic cells, these
fibers disappeared and resulted in cytoplasmic dots. MAb
17F8 recognized a large cytoplasmic component similar to
those in HEp-2 cells and stained the centrosomes (Fig. 4G,
arrows). None of the antibodies reliably showed the nuclear
BRCA1 staining anticipated from the other cell types. The
absence of BRCA1 staining may be used as an indication of
a lower concentration of BRCA1 in these nuclei and demon-
strates the diversity of cross-reactivities of these antibodies.

Cell Cycle-related Nuclear Distribution of BRCA1. We
asked whether the appearance of disparate BRCA1 distribu-
tions might be due to changes in the cell cycle as reported
previously (4, 10, 45). This was tested by comparing the
BRCA1 distribution pattern with cell size and the distribution
of centromeres. Centromeres are present in singles very
early during the cell cycle, aggregate in late G, and S phases,
and can be found in doublets after the late S-phase replica-
tion of satellite DNA (46). Very early G,-phase cells remain
connected and show the Flemming body, and as shown in
Fig. 4/, these daughter cells have no discreet BRCA1 do-
mains. In contrast, the larger daughter cells have distinct
BRCA1 accumulation and contain aggregated centromeres,
suggestive of an S-phase cell. Late G,-phase cells have
started to spread out on the glass surface but retain the
single centromere distribution and with it, dispersed BRCA1
distribution (Fig. 4J, top). Again, the larger cell pair in the
same figure has BRCA1 accumulations and aggregated cen-
tromeres. Large cell pairs with double centromeres are con-
sidered cells in the G, phase of the cell cycle, and they
largely have no BRCA1 accumulations (Fig. 4K). We have,
however, found large cells with a considerable amount of
highly aggregated BRCA1. Most of these cells may be
polyploid, i.e., going through nuclear cycles of replication
without cytokinesis. The changes in BRCA1 distribution cor-
relate with cell size and centromere distribution and are
therefore cell cycle dependent.

Correlation of BRCA1 Localization with Other Nuclear
Structures. Because the nucleus appears to be highly com-
partmentalized, we tested whether BRCA1 accumulations
might colocalize with any of the known nuclear compart-
ments. Triple labeling was used to observe the relative loca-
tion of BRCA1 with the SC35 and ND10 domains. We found
that BRCA1 accumulations are largely excluded from the
SC35 domains and ND10 (Fig. 5A4; the yellow appearance of
some of the juxtapositions is due to the fortuitous overlap of
these domains). In this context, it is remarkable that ND10 is
to a large extent situated adjacent to the SC35 domain,
whereas only a small fraction of the BRCA1 accumulations
abut any of these structures. It is likely that those that do are
fortuitously abutting without any functional significance.

The nuclear domains labeled by anti-HP1« antibodies (31)
has been reported to have a cell cycle-associated distribu-
tion (47). When cells were double labeled for BRCA1 and

HP1a, we found three distribution patterns, as illustrated in_
.adjacent cells in Fig. 58. In the middle and smallest cell,

sizable accumulations of HP1q, but not BRCA1, are seen.
The cell to the right shows several BRCA1 and HP1« accu-
mulations that are mostly separated. However, in the cell
nucleus to the left, both antigens seem to be largely over-
lapping. This finding suggests that BRCA1 overlaps (colo-
calizes with) HP1« only in a specific part of the cell cycle,
most probably during S phase.

Because we had observed only very few cells with BRCA1
accumulations juxtaposed to ND10 and that these accumu-
lations were usually rather large, we asked whether we could
force more to this nuclear structure through the overexpres-
sion of BRCA1. When cells were transfected with the BRCA1
cDNA transcribed by the cytomegalovirus promoter and
probed 16 h after transfection, we found all of the very large
BRCA1 accumulations in close association with ND10 (Fig.
5C). These BRCA1 aggregations had a near circular outline,
contrary to the more irregular outline of the endogenous
large BRCA1 accumulations we occasionally found (Fig. 5D;
the nucleus is outlined in blue by staining for DNA). High
BRCA1 aggregations are therefore associated with a specific
nuclear domain, ND10. Surprisingly, large amounts of en-
dogenous, as well as overexpressed, BRCA1 accumulated
only at a limited number of ND10 and was not equally divided
among the ND10, as expected for a protein transported into
the nucleus through randomly positioned pore complexes.
Therefore, we tested several proteins (that had been reported
to associate with ND10) as to whether they where present at
only a limited number of ND10 and whether they might be
attracting the excess BRCA1. The ubiquitin-specific prote-
ase, HAUSP, (48) was the only protein that showed a limited
association with ND10 (Fig. 5E). However, its distribution and
accumulation did not overlap with that of BRCA1 (data not
shown).

Effect of Virus Infection on the BRCA1 Distribution.
HAUSP has been characterized through its binding to the
HSV1 immediate-early protein ICPO (48). Because we could
not find a direct binding of HAUSP with BRCA1, we asked
whether the herpesvirus immediate-early protein ICPO, a
transactivator that binds to HAUSP and disperses it from its
high accumulations at some ND10, would also disperse the
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Fig. 5. BRCAT1 distribution in relation to other nuclear domains and after virus infection. A, triple labeling of HBL100 cells showing that BRCA1 staining
does not colocalize with SC35 domains and ND10. B, double labeling of HBL100 cells showing that HP-1 may or may not colocalize with BRCA1. C,
BRCA1-transfected HEp-2 cell showing that overexpressed BRCA1 localizes adjacent to a few ND10. D, HEp-2 cell showing high concentrations of
endogenous BRCA1 at ND10. £, HEp-2 cell double labeled to show that HAUSP localizes adjacent to only a few ND10. £, HEp-2 cells 2 h.p.i. with wild-type
HSV-1. Cells are double labeled for ICPO to show which cells are infected and for BRCA1, demonstrating that BRCA1 is dispersed in infected cells. G, same
as A but infected with the RING finger mutant FXE of HSV-1, indicating that infection with this mutant does not disperse BRCA1. H, uninfected HEp-2 cells
showing the normal distribution of BRCA1-relative to ND10. /, HEp-2 cells 3 h.p.i. with Ad5 and stained for BRCA1 and SP100, indicating that SP100 has
been distributed to short tracks and BRCA1 is located at many of these tracks. J, HEp-2 cells 8 h.p.i. with Ad5 and stained to show the single-stranded
DNA binding protein DBP as an indicator where Ad5 replication begins and demonstrating that BRCA1 localizes adjacent to the replication domains. K,
HEp-2 cells 12 h.p.i. with Ad5, double-labeled for DBP and BRCAT1, indicating that BRCA1 localizes to the outer rim of the replication compariment (upper
right) and is absent from the replication compartment at later stages of the replication cycle (lower feft). L. HBL100 cells stressed for 1 h at 42°C and labeled
for BRCA1. All BRCA1 accumulations have dispersed. Optical sections are ~0.7 um thick
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high accumutations of BRCA1 from ND10. We infected cells
with wild-type HSV1 for 2 h. All infected cells could be
identified by antibodies to the viral protein ICP0, and those
so identified had only dispersed BRCA1 throughout the nu-
cleus, whereas uninfected cells showed the expected
BRCA1 accumulations (Fig. 5F). This finding shows only that
wild-type HSV1 infection disperses BRCA1 accumulations
but provideé the assay with which to test whether mutations
in ICPO would retain BRCA1 accumulations. When cells were
infected with an ICPO mutant, FXE (where the RING finger
region of ICPO has been deleted), BRCA1 accumulations
were retainéd (Fig. 5G). Thus, the dispersion of BRCA1 in
S-phase nuclei by ICPO represents a new effect of this viral
transactivator on a celiular protein.

Ad5 also contains a protein (E4 ORF3) that modifies the
location of HAUSP and ND10-associated proteins (39-41).
We tested $his virus early effect on BRCA1 distribution using
the breast cancer cell line HBL100. In uninfected cells,

.BRCA1.and ND10 areLIarger positioned in separate domains

(Fig. 5H). However, 3 h after infection, ND10 proteins were
redistributed into many short tracks, and BRCA1 was now
found in association with these tracks (Fig. 5/). Previously, we
had shown by in situ hybridization that AdS replicates at sites
where the viral single-stranded DNA protein, DBP, accumu-
lates (41). At these later stages (8 h.p.i.), we found BRCA1
juxtaposed to replication domains (Fig. 5J). When these Ad5
replication domains expand, BRCA1 was recruited to these
domains and surrounded them (Fig. 5K). When viral replica-
tion advanced further, as indicated by the accumulation of
DBP throughout much of the nucleus, BRCA1 is no longer
detected around these sites but only in those nuclear spaces
where no viral accumulation is evident (left lower cell in Fig.
5K). Finding BRCAT1 to be recruited to the outside of the viral
replication domain where transcription of this virus takes
place suggests that the virus makes use of this cellular
protein in its transcriptional processes.

To test this hypothesis, we disturbed the global transcrip-
tional processes through stress, which acts by shutting down
normal transcription or processing and activating the tran-
scription of the heat shock proteins (49-52). Such a global
change may then either change BRCA1 distribution to: (a) a
dispersed state in all cells; or (b) an accumulated state in all
cells. When we treated HEp-2 cells for 1 h at 42°C, all BRCA1
accumulations were dispersed, with the BRCA1 distribution
appearing as in cells in the G,-phase of the cell cycle. BRCA1
distribution therefore changes in response to stress (heat
shock) as well as to DNA-damaging agents (10, 53).

Discussion

Investigations of the molecular interactions of BRCA1 are
progréssing at several fronts, but knowledge of supramo-
lecular events involving BRCA1 is largely absent. In this
report, we have, therefore, begun to evaluate the distribution
of BRCA1 at the cellular level during the cell cycle, deter-
mined its potential interactions at various nuclear domains,
and have started to define its behavior in response to exter-
nal stimuli, such as stress and viral infection. To embark on
this work required antibodies that could be relied upon to
visualize the location of BRCA1. Previously, BRCA1 had

been shown to localize to the cell membrane and was con-
sidered a secreted protein (12). This localization has since
been shown to be due to the cross-reactivity of the C20
antibody to the EGF receptor (53, 54). We therefore pro-
duced a MAb (BR64) that recognizes the native antigen as
well as BRCA1 expressed after transfection of various ex-
pression plasmids. When compared with other anti-BRCA1
MADbs, the MAb BR64 showed equivalent nuclear distribution
but also reacted with a cytoplasmic component, the centro-
some. The same reactivity was found for other BRCA1 MAbs
and the polyclonal antibody C20. Although the centrosome
reactivity of all these antibodies may be a cross-reactivity,
the fact that the antibodies were made against quite different
epitopes argues against this interpretation. We therefore
consider that this result is suggestive of BRCA1 binding to
this cellular domain so intimately involved in mitotic events.
Furthermore, our use of BR64 hybridoma supernatant ex-
cludes the possibility of a contaminating mouse autoanti-
body. The reaction of C-20 with the Flemming body, how-
ever, may be 'such an autoantibody present in rabbits. The
least useful MAb for our analyses was 17F8, because it
cross-reacted with a number of cytoplasmic granules. Fur-
thermore, because of the thickness of the optical section
(~0.7 um), these granules overlaid the nuclear domain and
did not allow for an unbiased determination of the nuclear
distribution of BRCA1. The cross-reactivity of M13 with cy-
toplasmic filaments made this antibody useful only for cells
without these filaments. We had observed, however, that
even HEp-2 cells in mitosis had the cytoplasmic dot char-
acteristic of depolymerized intermediate filaments. The faint
cytoplasmic staining in HEp-2 cells may therefore be due to
a low level of these filaments. The general conclusions of the
comparison of the different BRCA1 antibodies is that: (a) they
collectively validate the presence of BRCA1 in the nucleus;
and (b) they can be used to evaluate the redistribution of
BRCA1 induced by internal physiological changes and ex-
ternally induced effects, but only in cells where the cross-

" reactive proteins are absent.

For all antibodies, we had observed two distribution pat-
terns for BRCA1, dispersed and aggregated. That smaller
cells had only dispersed BRCA1 suggested a cell cycle-
related event. A general interruption of the cell cycle is pos-
sible through the application of stress in the form of heat
shock. Cellular transcription and splicing is reduced and
shifted to heat shock protein transcription. Under these con-
ditions, BRCA1 becomes dispersed from its domains, similar
to other proteins resident in other domains. Whether. this
phenomenon can be attributed to a change in transcription
or to the subsequent cell cycle retardation is not clear, but it
presents a new single-cell assay of an as-yet-to-be defined
BRCAT1 function.

There are no precise cell cycle markers that can be used in
a single-cell assay such as microscopy, particularly because
the BRCA1 epitopes seem to be sensitive to the acid treat-
ment necessary to expose the S-phase indicator bromode-
oxyuridine.* However, He and Brinkley (46) showed that cen-

4 G. Maul, unpublished results.
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tromeres behave quite predictably during the cell cycle. The
dispersion of the centromeres after mitosis lasts into later
parts of G, and was correlated with dispersed states of
BRCA1. The centromeres aggregated later, and the numbers
that dan be counted are far below those expected for the
number of chromosomes present. This stage corresponds,
accordmg to He and Brinkley (46), to the S-phase and is
clearly correlated with the presence of aggregated BRCAT.
At the 'end of the cell cycle, cells are rather large, and the
centrorheres are present as pairs and are not highly clus-
tered. The distribution pattern of BRCA1 in large cells is less
clear, but the bulk of those observed (which had paired
centromeres) also had few or no sites of aggregated BRCAT.
From these observations, it is clear that BRCA1 changes its
dlstnbptlon during the cell cycle and that aggregation is
predominantly present during the S-phase of the cell cycle,

~.with a more precnse definition of this phenomenon not pres-

ently poss1ble Ansmg ‘from these observations is the ques-
tion of whether the areas of accumulation define the sites of
active BRCA1, or whether, alternatively, BRCA1 may act in
the “dispersed” mode with the “aggregated” state being
sites of storage for BRCA1 (segregation).

The nucleus is partitioned into domains of various activi-
ties. Not only do specific chromosomal territories exist (55),
but so do various extrachromosomal domains to which spe-
cific functions are attributable and which can be delineated
with the respective antibodies. We did not find any domain
that consistently colocalized with BRCA1. BRCA1 accumu-
lations definitely reside outside of the SC35 domain and the
ND10. However, BRCA1 accumulations overlap HP 1« during
a stage of S phase. PIKA represent domains of highly ag-
gregated HP1a, a protein that is normally associated with
heterochromatin (47). HP1a has also been shown to change
its aggregation pattern during the S-phase of the cell cycle
(47). Contrary to BRCAT1, however, it starts in a highly ag-
gregated, BRCA1-sized domain, during G,. The temporary
association of the two proteins in the same nuclear domain
does not necessarily signify direct interaction, a conclusion
supported by a two-hybrid assay in which no interaction
could be found.* Other proteins may be intermediaries; how-
ever, these two proteins are the only ones presently showing
cell cycle-dependent colocalization.

The accumulation of a protein may be viewed as indicative
of: {a) functioning at this site; (b) as segregation with the
implication of removing the protein from functioning; or {c)
storing excess protein as a means to regulate the precise
amount of protein in a delicate balance. This balance may
change during the cell cycle. Under these assumptions, we
may either conclude that BRCA1 has specific nuclear sites of
high activity during S phase, or its concentration throughout
the nucleus is lowered by segregation during this part of the
cell cycle. The possibility that the cell has the capability to
segregate endogenous BRCA1 is supported by the finding of
high concentrations close to ND10 and the accumulation of
BRCA1 at these sites when overexpressed. We may be
witnessing segregation of BRCA1 into a nuclear dump or
nuclear depot (56).

Viruses have often been instrumental in the elucidation of
cellular functions. Using two DNA viruses we could demon-

strate that they modify BRCA1 distribution quite differently
and provide a single-cell assay to test this perturbation. The
dispersion of BRCA1 by HSV1 may be due to the interruption
of the cell cycle as HSV1 blocks S phase (57). However, we
were able to define the immediate-early HSV1/ET gene as an
essential gene for BRCA1 dispersion. Its potential interaction
with a BRCA1 pathway may lay at the center of the inability
of cells to grow when ICPO is constitutively expressed.*
Ad5 has a quite different effect on BRCA1. BRCA1 accu-
mulates at and surrounds some of the replication sites during
the viral replication. Later, after transcription and replication
cease late in the replication cycle, BRCA1 is no longer pres-
ent around the viral replication domain as indicated by stain-
ing against DBP. The outer fringe of the replication site
represents Viral single-stranded DNA that is being tran-
scribed, whereas the center contains double-stranded Ad5
DNA (58). The presence of BRCA1 at the outer region of AdS

- suggests that it may be used.in viral transcription. Alterna-

tively, because this outer region is also where decatenation
of the viral DNA takes place, BRCA1 accumulation in this
area may suggest a role in this process, a role supported by
the observation that BRCA1 may be involved in the cross-
over mechanism during pachyteen of meiosis (6).

This investigation establishes that there is a cell cycle-
related change in the distribution of BRCA1 in the nucleus
and that another protein, HP1, involved in transcriptionally
silencing chromatin, colocalizes during part of BRCA1 accu-
mulation/segregation. We found that DNA viruses change
the distribution of BRCA1 substantially and, in the case of
Ad5, temporarily recruit this protein into an area of high
transcriptional activity.

Materials and Methods

Cell Culture. All cells were maintained at 37°C and 5% CO,. MCF7 cells
(ATCC HTB 22) and HBL-100 (ATCC HTB 124) cells were grown in high
glucose DMEM containing 10% FBS and 0.1 mm nonessential amino
acids. MDA-MB-468 (ATCC HTB 132) cells were grown in a 1:1 mix of high
glucose DMEM and Ham’s F-12 with 10% FBS. Human W38 fibroblasts
(ATCC CCL 75) and the epithelial cell line HEp-2 (ATCC CCL 23) were
maintained in MEM supplemented with 10% FCS and antibiotics.

32pQ, Labeling of MDA-MB-468 Cells. MDA-MB-468 cells were
rinsed twice with warm, phosphate-free DMEM (hi glucose) medium and
then incubated in phosphate-free medium containing 5% dialyzed FBS for
2 h. The cells were then placed in phosphate-free medium containing 5%
dialyzed FBS and 2P0, (100 uCi/ml; NEN) and incubated for an addi-
tional 2 h. Cells were harvested in RIPA buffer containing 50 mm NaF and
protease inhibitors [20 mm HEPES (pH 7.4), 140 mm NaCl, 1% Triton
X-100, 1% deoxycholate, 0.1% SDS, 1 mm EDTA, 1 mm phenylmethyl-
sulfony! fluoride, 2 pg/ml leupeptin, 0.04 Tt units/ml aprotinin, and 2 wg/ml
pepstatin].

MAb Production. A synthetic gene of the BRCA1-RF domain (amino
acids 1-100) was made from overlapping oligonucleotides whose codon
usage had been optimized for expression in E. coli and Saccharomyces
cerevisiae (5, 59). Double-stranded DNA was generated by the PCR. This
BRCA?1 partial cDNA was fused downstream of the six His residues of the
vector pQE-30 (Qiagen, Inc.). The His-tagged protein was purified from E.
coli aver a nickel-agarose column as described previously (20). Fifty ug of
recombinant 6XHis-BRCA1 fusion protein, in 50 p! PBS, was emulsified in
complete Freund adjuvant and injected s.c. into BALB/c mice, followed by
three boosts in incomplete Freund adjuvant. The fourth boost was given
i.v., and the splenocytes were fused 3 days later with the mouse nonim-
munoglobulin-secreting cell line P3X63Ag8.5P2/0. Hybridomas were se-

lected by testing supernatants by ELISA on recombinant 6XHis-BRCAT.
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Each clone was subcloned following standard procedures. All resulting
MADbs were of IgG1, kappa.

Immunoprecipitations. Immunoprecipitation of samples with poly-
clonal Abs was performed with protein A-Sepharose (Pharmacia). The
MAb BRB4 was precipitated with protein G-Sepharose (Pharmacia). Im-
munoprecipitations were carried out by incubating the antibody with
srotain extract or in vitro-produced protain in 1 mil of RIPA buffer for 2 h
at 2°C. Thé protein G (or A) Sepharose resin was then added, and the
reaction incubated an additional 30-45 min at 4°C with continual mixing.
The bound proteins were washed in RIPA buffer five times, released from
the Sepharo‘§'e resin with SDS-PAGE loading dye, and separated by
SDS-PAGE. ViSuaIization of bound protein was performed by autoradiog-
raphy. v

Western Blot Analysis. Proteins were separated by SDS-PAGE and
transferred to' PVDF membrane (Millipore) via standard methods. In Fig.
2B, the membrane was blocked in Tris-buffered saline containing 0.1%
Tween-20 (TBST) and 5% fish gelatin (Forma Scientific). The MAb BR64
sscites fluid was diluted 1:1000 in the block buffer and incubated with the

:zmbrane for 2 h at room temperature with gentle shaking. After washing
e membrape‘ five times with TBST (10 min each), the blot was incubated
with secondary antibody conjugated to horseradish peroxidase (goat
anti-mouse IgG-HRP; Bio-Rad) at 1:5000 dilution for 30 min. The mem-

. brang was washed five times further and developed with Super Signal

(Pierce). In Fig. 3C, the memibrane was blocked for 1 h in Tris-buffered
saline containing 0.2% Tween-20 (TBST2) and 5% dry milkk. The MAb
BR64 ascites fluid was diluted to 0.5 ug/ml (TBST2 plus 1% BSA) and
incubated with the membrane for 1 h at room temperature with gentle
shaking. After washing the membrane three times with TBST2 (10 min
each), the blot was incubated with secondary antibody conjugated to
akaline phosphatase (alkaline phosphatase anti-mouse IgG; Promega) at
*:7500 dilution (TBST2 plus 1% BSA) for 45 min. The membrane was
washed three times further and developed using 5-bromo-4-chloro-3-
indoly! phosphate/nitroblue tetrazolium color development substrates
(Promega).

Transfections and in Vitro Transcription/Translation. Cells were
transiently transfected by calcium phosphate precipitation (60). The Pro-
mega TNT kit was used as described by the manufacturer to produce
353-labeled protein. Proteins were used for analysis without further puri-
fication. Plasmid constructs bearing BRCA1 and BRCA1-A11 were kind
gifts of F. Calzone (Amgen, Inc., Thousand Oaks, CA). The RPT-1 cDNA
was a kind gift of H. Cantor (Dana-Farber Cancer Institute, Boston, MA)
i44).

Antibodies Used for Immunofluorescence. Antibodies used for the
detection of BRCA1 were: M13, a MADb kindly provided by R. Scully
(Dana-Farber Cancer Institute, Boston, MA) (61); 17F8, a MAb kindly
provided by W. H. Lee (Center for Molecular Medicine, University of Texas
Health Science Center, San Antonio, TX) (11); and C20, a rabbit polyclonal
antibody that was purchased from Santa Cruz Biotechnologies (Palo
Alto, CA).

ND10 were visualized using MAb 1150, which recognizes Sp100 (62).
The human antibody 1745, which recognizes Sp100 and PML, was used
in triple-labeling experiments (62). MAb anti-SC35 (25} was used-to labe!
the SC35 domain. MAbs against HAUSP and ICPQ were provided by R.
Everett (Medical Research Council, Glasgow. UK) (48). isotype-matched
MADbs of unrelated specificity served as controls. Rabbit anti-HP1« anti-
bodies were obtained from W. Earnshaw (University of Edinburgh, Edi-
burgh, UK) (31).

Immunohistochemistry. Cells were fixed at room temperature for 15
min with freshly prepared 1% paraformaldehyde in PBS. washed with
P8BS, and permeabilized for 20 min on ice with 0.2% (v/v) Triton X-100
(Sigma Chemical Co.) in PBS. Antigen localization was determined after
incubation of permeabilized celis with rabbit antiserum, MAb, or human
antiserum diluted in PBS for 1 h at room temperature. Avidin-fluorescein
or avidin-Texas Red was complexed with primary antibodies through
biotinylated secondary antibodies (Vector Laboratories). Cells were dou-
ble- or triple-labeled with the respective second antibodies conjugated
with FITC, Texas Red, or Cy-5 using biotin-avidin enhancement and FITC
for structures with the lowest staining intensity. Cells were then stained for
DNA with 0.5 ug/ml of bis-benzimide (Hoechst 33258; Sigma) in PBS and
mounted with Fluoromount G (Fisher Scientific). Cells were analyzed using
a Leica confocal scanning microscope. The two channels were recorded
simultaneously when no cross-talk was detectable. In the case of intense

FITC-labeling. sequential images were acquired with more restrictive fil-
ters to prevent possible breakthrough of the FITC signal into the red
channel. Both acquisition modes gave the same results. Leica image
enhancement software was used in balancing signal strength. Because of
the variability of the infectious cycle progression in any given culture, the
most prevalent and representative images were photographed and pre-
sented as a limited number of nuclear images to retain high magnification.
At least 500 cells were studied in each sample.

Virus Infection. Two days after plating. HEp-2 cells were infected with
HSV-1 17" at 2 plague-forming units/cell, resulting in 95% infected cells
as determined by staining for ICPO antibodies at 5 h.p.i. Cells were fixed
at different intervals after infection and assayed with different antibodies
as described (34). Ad5 infection was carried out as described (41), and
cells were fixed at various times after infection.
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